LIN28 has been shown to have an important role in primordial germ cell development and malignant transformation of germ cells in mouse. In this study, we examined the immunohistochemical profile of LIN28 in 131 primary human extragonadal germ cell tumors (central nervous system (CNS) 76, mediastinum 17, sacrococcygeal region 30, pelvis 3, vagina 2, liver 1, omentum 1, and retroperitoneum 1), including the following tumors and/or components: 57 seminomas/germinomas, 10 embryonal carcinomas, 74 yolk sac tumors, 6 choriocarcinomas, 15 mature, and 13 immature teratomas. We compared LIN28 with SALL4 to assess its diagnostic value. To determine its specificity, we examined LIN28 in 406 extragonadal-non-germ cell tumors (103 carcinomas, 91 sarcomas, 9 melanomas, 12 mesotheliomas, 83 lymphomas, 9 plasmacytomas, 82 CNS tumors, and 17 thymic epithelial tumors). The staining was semi-quantitatively scored as 0 (no cell stained), 1 þ (0-30%), 2 þ (31-60%), 3 þ (61-90%), and 4 þ (490%). LIN28 staining was seen in all seminomas/germinomas (3 þ in 1 and 4 þ in 56), embryonal carcinomas (4 þ in all 10), and yolk sac tumors (3 þ in 3 and 4 þ in 71). Variable LIN28 staining was seen in 5 of 6 choriocarcinomas (1 þ to 4 þ ), 8 of 13 immature teratomas (1 þ to 2 þ in immature elements), and in 1 of 15 mature teratomas (1 þ ). Only 11 of 406 non-germ cell tumors showed 1 þ LIN28 staining. Therefore, LIN28 is a sensitive (100% sensitivity) marker for primary extragonadal seminomas/germinomas, embryonal carcinomas, and yolk sac tumors with high specificity. Compared with SALL4, LIN28 demonstrated a similar level of diagnostic sensitivity for seminomas/ germinomas and embryonal carcinomas. For primary extragonadal yolk sac tumors, although SALL4 stained all tumors (1 þ in 1, 2 þ in 2, 3 þ in 10, and 4 þ in 61), LIN28 stained more tumor cells (mean 95 vs 90%, P ¼ 0.03) and was therefore more sensitive. For primary extragonadal yolk sac tumors, combining LIN28 and SALL4 can achieve a higher diagnostic sensitivity than either alone.
LIN28, first identified in the nematode Caenorhabditis elegans, is a RNA-binding protein that has an important role in embryonic development.
1 LIN28 is overexpressed in mouse and human embryonic stem cells and is important in maintaining their pluripotency. [2] [3] [4] A recently study showed that in mouse, LIN28 is essential to the development of primordial germ cells and may be involved in the malignant transformation of germ cells. 5 The expression of LIN28 was also found in human testicular germ cell tumors in a tissue microarray study with a limited number of cases. 5 We recently explored LIN28 expression in human testicular and ovarian germ cell tumors and found that LIN28 was expressed in all primary gonadal seminomas/dysgerminomas, embryonal carcinomas, and yolk sac tumors. 6, 7 LIN28 demonstrated a similar expression profile as did SALL4 in primary and metastatic gonadal germ cell tumors. [6] [7] However, the status of LIN28 in primary extragonadal germ cell tumors is still unknown. Primary extragonadal germ cell tumors are believed to arise from displaced primordial germ cells and share histological, serological, and cytogenetic features with their gonadal counterparts, but they generally have a more aggressive clinical course than the latter, suggesting that there is still some difference between primary extragonadal and gonadal germ cell tumors. 8, 9 This study is conducted to examine the LIN28 protein in primary extragonadal germ cell tumors using immunohistochemical staining to determine its immunohistochemical profile and to see whether LIN28 is a marker for these tumors. We also want to explore the potential value of LIN28 in diagnosing primary extragonadal germ cell tumors. Primary extragonadal germ cell tumors are uncommon tumors, but they pose more diagnostic challenges than their gonadal counterparts, and immunohistochemical markers are sometimes (probably more often than not) required to confirm their diagnosis. To achieve these two goals, we first performed immunohistochemical staining of LIN28 in 131 primary extragonadal germ cell tumors (central nervous system (CNS) 76, mediastinum 17, sacrococcygeum 30, pelvis 3, and other extragonadal sites 5). We then compared LIN28 with SALL4 for its sensitivity, a recently developed general germ cell tumor marker, in all germ cell tumors. The result of SALL4 in these germ cell tumors was previously reported. [10] [11] [12] To determine its specificity, we also examined LIN28 in 82 primary non-germ cell tumors of the CNS and in 17 primary mediastinal epithelial tumors (thymomas and thymic carcinomas). The immunohistochemical status of LIN28 in other extragonadal non-germ cell tumors (103 carcinomas, 91 sarcomas, 83 lymphomas, 9 plasmacytomas, 12 mesotheliomas, and 9 melanomas) was previously reported. 6, 7 Materials and methods
Case Selection
IRB approval was obtained to conduct this research. Extragonadal germ cell tumors used for this study were collected from the authors' institutions. A total of 131 primary extragonadal germ cell tumors were collected for this study: 76 from the CNS (56 pure and 20 mixed), 17 from the mediastinum (11 pure and 6 mixed), 30 from the sacrococcygeum (18 pure and 12 with mixed), 3 from the pelvis, 2 from the vagina (both pure), 1 from the retroperitoneum (pure yolk sac tumor), 1 from the omentum (pure yolk sac tumor), and 1 from the liver (pure yolk sac tumor). The 
Immunohistochemical Staining and Evaluation
One to three formalin-fixed paraffin-embedded tissue blocks were retrieved for each case to generate 4-mm-unstained slides for immunohistochemical staining with a LIN28 polyclonal antibody (catalog no. 11724-1-AP, dilution 1:200, Proteintech Inc., Chicago, IL, USA) for all germ cell tumors and nongerm cell tumors. LIN28 immunohistochemical staining was performed on a Ventana Benchmark-XT automated stainer using the Ventana ultraView DAB detection kit. Antigen retrieval was performed using Ventana citrate-based buffer solution CC2, pH 6.0 at 95-100 1C for 24 min. LIN28 staining was cytoplasmic with some membranous accentuation. Appropriate positive and negative controls were included for each run of immunostains. The staining was scored as weak, moderate, or strong. The percentage of tumor cells labeled was semi-quantitatively scored as 0 (no tumor cells staining), 1 þ (r30% tumor cells), 2 þ (31-60%), 3 þ (61-90%), and 4 þ (490%).
Results

LIN28 in 76 Primary Germ Cell Tumors of the CNS
In all, 56 of 76 primary germ cell tumors were pure and 20 were mixed. They included the following tumors and tumor components: 48 germinomas, 7 embryonal carcinomas, 26 yolk sac tumors, 7 immature teratomas, 8 mature teratomas, and 5 choriocarcinomas. LIN28 staining results are summarized in Table 1 .
All 48 germinomas were positive for LIN28 staining, including 2 þ in 2 (1 with weak staining and 1 with mixed weak and strong staining), 3 þ in 1
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(strong intensity), and 4 þ in 45 (1 with weak staining and 44 with strong staining) ( Figure 1 ). All 7 embryonal carcinomas showed 4 þ strong LIN28 staining ( Figure 1 ). All 26 yolk sac tumors were strongly positive for LIN28 staining, including 3 þ staining in 1 (4%) and 4 þ staining in 25 (96%) (Figure 2 ). Four of five choriocarcinomas were positive for LIN28 staining (1 þ strong staining in two, 2 þ staining in two including one with weak and one with strong staining) in mononucleated trophoblastic cells (Figure 3 ). Among syncytiotrophoblastic cells, only rare cells were weakly positive for LIN28 staining, whereas the vast majority of them were negative. Five of seven (71%) immature teratomas were positive for LIN28 staining in the immature elements (1 þ in all five, three with strong staining, two with mixed weak and strong staining) ( Figure 3 ). Most of the immature elements with LIN28 staining were immature neuroepithelium tissues, but some blastema-like immature stroma and low-grade immature mesenchyme tissues were also positive for LIN28 staining. All eight mature teratomas were negative for LIN28 staining.
LIN28 in 17 Primary Mediastinal Germ Cell Tumors
Among the 17 primary mediastinal germ cell tumors, 11 were pure and 6 were mixed. The tumors contained the following tumors and tumor components: 9 seminomas (6 pure and 3 as a component in mixed germ cell tumors), 10 yolk sac tumors (4 pure and 6 as a component in mixed germ cell tumors), 3 embryonal carcinomas (all as a component in mixed germ cell tumors), 1 choriocarcinoma (in a mixed germ cell tumor), 2 mature teratomas (both as a component in mixed germ cell tumors), and 3 immature teratomas (1 pure and 2 as a component in mixed germ cell tumors).
Strong 4 þ LIN28 staining was seen all seminomas (9/9, 100%), embryonal carcinomas (3/3, 100%), and yolk sac tumors (10/10, 100%) ( Table 2 ). LIN28 staining was negative in all mature and immature teratomas. (Table 2) The only choriocarcinomatous component showed 4 þ weak LIN28 staining (the amount of choriocarcinomatous component was small: almost all mononucleated trophoblastic cells and one of two syncytiotrophoblastic cells was weakly positive) ( Table 2 ).
LIN28 in 30 Primary Sacrococcygeal and 3 Primary Pelvic Germ Cell Tumors
The tumors in these 30 patients with sacrococcygeal germ cell tumors were pure yolk sac tumors in 18 (60%) and mixed yolk sac tumors and teratomas in 12 (40%) (7 immature and 5 mature) patients. The three patients with pelvic germ cell tumors had pure yolk sac tumors. All 33 yolk sac tumors showed strong LIN28 staining, including 4 þ in 31 (94%) and 3 þ in 2 (6%) (75 and 85% cells, respectively) ( Table 3) . In all, 8 of 12 cases with mixed teratomas and YSTs had teratoma present on the sections stained for LIN28 (3 immature and 5 mature) ( Table 3) . Positive LIN28 was seen in all three immature teratomas (1 þ weak to strong in two and 2 þ moderate to strong in one) with the staining pattern similar to that observed in immature teratomas of the CNS, and in one of five mature teratomas (5% or 1 þ weak staining in the teratomatous glands) ( Table 3) .
LIN28 in Five Primary Extragonadal Germ Cell Tumors of Other Sites
Five extragonadal germ cell tumors were from sites other than the CNS, mediastinum, sacrococcygeum, or pelvis. Two of these tumors were from the vagina (7-and 22-month-old females, respectively), one from the retroperitoneum (2-year-old female), and one from the liver (7-month-old female). All were pure yolk sac tumors and all showed strong 4 þ LIN28 staining (Table 3) .
LIN28 in Primary Non-Germ Cell Tumors of the CNS and Mediastinum
Only 1 of the 82 primary non-germ cell tumors of the CNS was positive for LIN28 staining (1% tumor cells with weak staining in 1 medulloblastoma). None of the 17 thymic epithelial neoplasms showed LIN28 staining. 
2 (29%) 5 (71%) 0 0 0 a 0 (no tumor cell stained), 1+ (r30% cells), 2+ (31-60%), 3+ (61-90%), and 4+ (490%).
D Cao et al
Comparison of LIN28 and SALL4 in Extragonadal Germ Cell Tumors
The comparison between LIN28 and SALL4 in these extragonadal germ cell tumors was summarized in Table 4 . The results of SALL4 in these germ cell tumors were previously reported.
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All 57 seminomas/germinomas showed positive staining for both LIN28 (2 þ in 2, 3 þ in 1, and 4 þ in 54) and SALL4 (3 þ in 1 and 4 þ in 56). Strong 4 þ staining was seen in all 10 ECs for both LIN28 and SALL4. All 74 yolk sac tumors were positive for both LIN28 (3 þ in 3 and 4 þ in 71) and SALL4 (1 þ in 1, 2 þ in 2, 3 þ in 10, and 4 þ in 61). In all, 61 of Figure 1 All primary extragonadal seminomas/germinomas (a1, b1) showed positive LIN28 staining with strong staining in the vast majority of cases (55/57) (a2) and only two (2/57) showed weak LIN28 staining (b2). All primary extragonadal embryonal carcinomas (c1) showed strong LIN28 staining (c2). Three of six choriocarcinomas were positive for both LIN28 and SALL4 (20 vs 40% cells, 50 vs 25%, 30 vs 10%, respectively). Two additional choriocarcinomas were positive for LIN28 (50 and 90% cells, respectively) but negative for SALL4. The remaining one choriocarcinoma was positive for SALL4 staining (1-2% cells) but negative for LIN28 staining. Among the 13 immature teratomas, 8 were positive for LIN28 staining and all these 8 were also positive for SALL4 (7 with 1 þ staining for both, the remaining 1 case with 2 þ LIN28 and 1 þ SALL4 staining). No immature teratoma in this study was positive only for LIN28, and not for SALL4 or vice versa. Only 1 of 15 mature teratomas showed 1 þ SALL4 staining in the teratomatous glands. Another mature teratoma was weakly positive for LIN28 staining (5% cells in the teratomatous glands). Figure 3 Some primary extragonadal immature teratomas (a1) and choriocarcinomas (b1) were also positive for LIN28 staining (a2, b2). The LIN28 staining in these tumors was typically not diffuse (a2). Almost all syncytiotrophoblastic cells were negative for LIN28 staining (b2). 
3 (100%) 0 0 0 0 a 0 (no tumor cell stained), 1+ (r30% cells), 2+ (31-60%), 3+ (61-90%), and 4+ (490%).
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Discussion
In this study, we performed immunohistochemical staining of LIN28 in 131 primary extragonadal germ cell tumors. Our results showed that positive LIN28 staining was seen in all 56 seminomas/germinomas, 10 embryonal carcinomas, and all 74 yolk sac tumors, as well as some teratomas and choriocarcinomas. The expression profile of LIN28 in these primary extragonadal germ cell tumors indicates that LIN28 is a highly sensitive (100% sensitivity) marker for primary extragonadal seminoma/ dysgerminoma, embryonal carcinoma, and yolk sac tumor. For these tumors, strong LIN28 staining in 490% tumor cells was seen in 53 of 57 (93%), 10 of 10 (100%), and 71 of 74 (96.0%) tumors, respectively. LIN28 is not only sensitive but also highly specific for primary extragonadal seminoma/germinoma, embryonal carcinoma, and yolk sac tumor. In this study, among the 82 primary non-germ cell tumors of the CNS, only 1 medulloblastoma showed weak staining in 1% tumor cells. None of the 17 thymic epithelial neoplasms showed LIN28 staining. In our recent studies, among other types of 307 extragonadal non-germ cell tumors (103 metastatic carcinomas of major types, 91 sarcomas of various types, 9 metastatic melanomas, 12 mesotheliomas, 83 lymphomas of various types, and 9 plasmacytomas), only 10 (6 carcinomas, 1 sarcoma, and 3 melanomas) showed weak LIN28 staining in no 430% tumor cells. 6, 7 Although further studies to include more extragonadal non-germ cell tumors are required, our findings do indicate that LIN28 is a highly specific marker for primary seminomas/germinomas, embryonal carcinomas, and yolk sac tumors in extragonadal sites. Using 4 þ staining as the criteria, LIN28 is 100% specific for seminomas/germinomas, embryonal carcinomas, and yolk sac tumors (except rare choriocarcinoma may show strong 4 þ LIN28 staining).
The high sensitivity of LIN28 with the relatively high specificity for primary extragonadal seminomas/dysgerminomas, embryonal carcinomas, and yolk sac tumors indicate that LIN28 can be used as a diagnostic marker for them. Primary extragonadal germ cell tumors are uncommon tumors that most often occur in the midline structures and mediastinum, but they can also occur in many other organs, not only in children but also in adults. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Morphologically, primary extragonadal germ cell tumors can mimic many types of non-germ cell tumors. For example, mediastinal seminomas may mimic type B thymomas and embryonal carcinoma may mimic other types of carcinomas. The yolk sac tumor is notorious for displaying multiple histological patterns and can mimic adenocarcinoma, myxopapillary ependymoma, and chordoma, etc. The diagnosis of primary extragonadal germ cell tumors can be difficult without immunohistochemical staining. Recently, stem cell markers such as SALL4, OCT4, NANOG, SOX2, UTF1, and TCL1 have emerged as more sensitive and specific markers for germ cell tumors than non-stem cell markers, such as C-KIT, a-fetoprotein, placental-like alkaline phosphatase, CD30, and glypican-3.
10-12,27-34 Among these stem cell markers, SALL4 has demonstrated the broadest expression profile and is the only one 
a 0 (no tumor cell stained), 1+ (r30% cells), 2+ (31-60%), 3+ (61-90%), and 4+ (490%).
to label yolk sac tumor. [10] [11] [12] We compared LIN28 with SALL4 for its diagnostic utility in all primary extragonadal germ cell tumors. Both LIN28 and SALL4 showed 100% sensitivity for seminomas/ germinomas and embryonal carcinomas with staining in 490% tumor cells in nearly all or all cases (95 and 98% for seminomas/germinomas, 100 and 100% for embryonal carcinomas, respectively), indicating that LIN28 had a similar level of diagnostic sensitivity as did SALL4 for primary extragonadal seminomas/germinomas and embryonal carcinomas. LIN28 staining is cytoplasmic, whereas for SALL4, it is nuclear. However, both LIN28 and SALL4 have a clean staining background. In our experience, the reading of LIN28 is as easy as the reading of SALL4.
For primary extragonadal yolk sac tumors, LIN28 demonstrated a higher sensitivity than did SALL4. The yolk sac tumor is the extragonadal germ cell tumor that poses the greatest diagnostic challenges because of its multiple histological patterns and wide organ distribution. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Previous markers for diagnosing extragonadal yolk sac tumors included placental-like alkaline phosphatase, a-fetoprotein, and glypican-3, but they lack adequate sensitivity and specificity. Recent studies have shown that SALL4 is a more sensitive marker for primary extragonadal yolk sac tumors. [10] [11] [12] However, unlike gonadal yolk sac tumors, some (13/74 or 18%) primary extragonadal YSTs showed SALL4 staining in a non-diffuse (o90% cells) pattern (SALL4 staining in o30% cells in 1 CNS yolk sac tumor, in between 30 and 60% cells in 2 tumors (1 in the CNS and 1 in the mediastinum), and in between 60 and 90% cells in 10 tumors (7 in the CNS and 3 in other sites)), [10] [11] [12] and such a staining pattern may limit the diagnostic utility of SALL4 in certain situations, given the fact that many specimens obtained from the CNS and mediastinum are small biopsies. In small biopsies, a negative SALL4 staining does not necessarily rule out a yolk sac tumor. Therefore, it will be helpful to identify another sensitive marker for extragonadal yolk sac tumors to complement SALL4 to further increase the diagnostic sensitivity for extragonadal yolk sac tumor. Although all these 13 yolk sac tumors with 1 þ to 3 þ SALL4 staining were also positive for a-fetoprotein and glypican-3, 11 and 10 showed staining for a-fetoprotein and glypican-3 in fewer tumor cells than for SALL4, respectively. [10] [11] [12] In our study, 71 of 74 extragonadal yolk sac tumors had LIN28 staining in 490% tumor cells (4 þ ), and only 3 showed staining in 60-90% tumor cells (3 þ ). Among 13 extragonadal yolk sac tumors with 1 þ to 3 þ SALL4 staining, 12 showed 4 þ LIN28 staining and 1 showed 3 þ LIN28 staining. Although SALL4 also stained all primary extragonadal yolk sac tumors, the mean percentage of tumor cells stained was higher for LIN28 staining than for SALL4 (95 vs 90%, P ¼ 0.03). Therefore, LIN28 is a more sensitive marker for primary extragonadal yolk sac tumor than is SALL4 and can further improve the diagnostic sensitivity for these tumors. With a combination of SALL4 and LIN28, we can achieve a greater sensitivity for extragonadal yolk sac tumors, even in small biopsies, than with LIN28 or SALL4 alone. In our study, 73 of 74 (99%) extragonadal yolk sac tumors showed staining in 490% tumor cells for either SALL4 and/or LIN28.
In previous studies, we explored the immunohistochemical profile of LIN28 in a large series of primary and metastatic gonadal germ cell tumors (184 testicular and 79 ovarian). [6] [7] When compared with primary gonadal germ cell tumors, primary extragonadal germ cell tumors showed a similar profile of LIN28 in each subtype of tumor. The finding of LIN28 expression in primary extragonadal germ cell tumors may help understand their pathogenesis. LIN28 has been shown to be essential to the development of primordial germ cell development in mouse embryo and is also important in maintaining the growth of mouse embryonic carcinoma cells and the primitive nature of the immature teratoma in immunodeficient mice. 5 Primary extragonadal germ cell tumors are believed to arise from germ cells, which are most likely displaced in the extragonadal sites because of aberrant migration during development. 8 On the basis of gene imprinting, cytogenetic, and immunohistochemical studies, it has been proposed that extragonadal germ cell tumors might evolve through the same pathogenetic pathways as primary gonadal germ cell tumors do. 8, 9 A similar expression profile of LIN28 between primary extragonadal and gonadal germ cell tumors provides further indirect evidence to support such a hypothesis.
Finally, it must be pointed out that in extragonadal sites, diffuse and strong LIN28 staining in a tumor highly indicates a malignant germ cell tumor but it does not distinguish a primary extragonadal germ cell tumor from a metastatic one (from gonad or another extragonadal site) because metastatic gonadal germ cell tumors to extragonadal sites and primary extragonadal germ cell tumors had identical LIN28 profile in each subtype. 6, 7 In this situation, clinical information is required to determine whether an extragonadal germ cell tumor is primary or metastastic.
In summary, we performed immunohistochemical staining of LIN28 in 131 primary extragonadal germ cell tumors. Our results showed that LIN28 is a highly sensitive marker for primary extragonadal seminomas/germinomas, embryonal carcinomas, and yolk sac tumors with high specificity. Variable LIN28 expression was also seen in some teratomas and choriocarcinomas. When compared with SALL4, LIN28 demonstrated a similar expression profile in these primary extragonadal germ cell tumors. LIN28 can be used as a diagnostic marker for primary extragonadal seminomas/germinomas, embryonal carcinomas, and yolk sac tumors. It showed a similar level of diagnostic sensitivity as SALL4 for primary extragonadal seminomas/germinomas and embryonal carcinomas. LIN28 is more sensitive than SALL4 for primary extragonadal yolk sac tumors. Combining LIN28 and SALL4 can further increase the diagnostic sensitivity for primary extragonadal yolk sac tumors.
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